5Addresa correspondence to this author. Received October 9, 1990; accepted February 12, 1991. Progesterone is also derived from cholesterol, mainly in the ovariesunder lutropin (luteinizing hormone) stimulation; assays of serum progesterone are used to identif' ovulation and to investigate control of the ovarian cycle. Progesterone concentrations in serum are <3 nmol/L during the follicular phase; after ovulation and transformation of the ruptured follicle into a corpus luteum, production of progesterone increases to midluteal peaks of 29-80 nmol/L. Ovulation is unlikely to have occurred if the progesterone concentration is <9 nmol/L.
Immunoassays are routinelyused to measure cortisol and progesterone (1) . laboratories need to continually refer to quality-assessment programs to monitor the performance of their assay systems (2) (3) (4) . Precision is monitored by internal quality control, whereas external quality assessment estimates compatibility of results between laboratories. These results are judged against a target value, which in most schemes is obtained from the statistical alllaboratoriesconsensus mean. The weakness of this approach isthat the statistical mean does not necessarily represent the true value because it may depend on the proportion of laboratories using a particular assay. In addition, most routine assay systems lack specificity and therefore yield a positive bias (5) . Thus there is a strong need to establish reliable criteria of accuracy assessment.
A practical approach to this objective is to develop reference materials, in which the value forthe concentration ofa substance is certified by independent, validated methods (6) . To this end, the Community Bureau of Reference of the European Communities (BCR) started a program for steroid hormone certificationin reference materials for cortisol and progesterone, which were given high priority for accuracy assessment. 6 In this report, we discuss aspects of preparation and validation of lyophilized human serum reference materials, as well as certification of the values for cortisol and progesterone concentrations by isotope dilution gas chromatography-mass spectrometry (ID-GCMS) (7) (8) (9) . Validation of the candidate reference materials was intended to ensure their suitability for the interlaboratory certification campaign. For production control, we tested the reproducibility of dispensing serum into the ampules. The adequacy of the lyophilization process was considered by determining the residual moisture content. The candidate reference materials were also assessed for homogeneity (vial-to-vial variability of the steroid hormone concentrations) and stability, estimated by the predicted change in concentrations on storage. The certification campaigns for cortisol and progesterone were conducted as two separate collaborative studies by different expert laboratories of the European Communities, and the results were statistically evaluated according to the procedure developed at the BCR (10). The Certified Reference Materials (CRM) are now available from the Commission of the European Communities through BCR as CRM 192 and 193 for cortisol and as CRM 347 and 348 for progesterone (11, 
Materials and Methods

Reference Matenals
Origin and description. We decided to use lyophilized serum as reference material. Pilot studies were performed to investigate the suitability of these materials in routine assay methods for cortisol and progesterone (13) . Transportability at ambient temperature and storage life were also assessed during the preliminary investigations.
For analyses.In addition to the detailed analyticalreport provided by the manufacturer, we assessed the identity and purity of the latter material as rigorously as possible (12) to confirm the identityof the synthetizedproduct (by melting point, specific optical rotation, infrared spectrometry, and elemental analysis) and its purity(by high-performance liquid chromatography with ultraviolet detection). In addition, the NIBSC performed '3C were derived by a one-step dilution from each of these stock solutions. One of the solutions was used for calibration on that particular day, whereas the second served for cross-verification. All volumetric measurements were made with calibrated glassware.
The exact volume of the dispensing devices was evaluated from weighing the delivered amount of distilled water 12 times and accounting for density changes caused by temperature and atmospheric air pressure (17) . Under the specific calibration conditions, the concentrations of the analytes in each sample were calculated by linear interpolation (18) or according to the modification described by Siekmann (7) , which uses three calibration points close to the 1:1 ratio and thereby takes into account that the calibration function is not linear.
Reconstitution of lyophili.zed serum material and sample preparation.
A standard procedure was developed for reconstituting the lyophilized serum. Brieflydescribed, this procedure consisted of opening the ampule, weighing it with its contents, and adding exactly (maximum inaccuracy 0.3%) the volume of distilled water required for reconstitution. The ampule and its contents were reweighed, sealed, and inverted, to gently mix the contents for reconstitution. After standing for 20 mm, the ampule was inverted once more and left for another 10 mm before use. Analysts were requested to record all weighing data, from which the accuracy of the reconstitution could be derived. A portion of reconstituted serum was taken for analysis; a sampling device of known accuracy was used, and the coefficient of variation (CV) ofsampling was <0.2%. After sampling, the cleaned and dried ampule was weighed. The same solution and amount of isotopically labeled internalstandard were added to both calibration mixtures and samples. The relative volume of organic solvent containing the internal standard to be added to the serum samples was limited to <5% of the sample volume, to avoid possible protein precipitation. Preliminary analyses of pilot batches of serum were necessary to optimize method procedures in the individual laboratories, e.g., isotope dilution, isolation of analytes from the serum matrix, and GCMS measurement. These investigations confirmed the reliability of individual laboratory ID-GCMS methods and were subsequently used for the certification analyses described in Tables 1 and 2 . Measurements were performed at least in duplicateon each of three different days with freshly reconstituted serum samples. In case the absolute amount of steroid hormone in one ampule was lower than the limit for reliable quantification by GCMS, ampules were pooled.
Consistency of a particular series of measurements was verified by internal quality control by including samples from a batch analyzed on previous occasions.
Cross-contamination was checked by analysis, in paral-
lel with the serum samples, of a medium-concentration calibration mixture in water. Each laboratory was required to keep the overall CV of any sets of results <2.5%.
Statistical evaluation.
All data were collected by the BCR for statistical evaluation. The certified value and uncertainty (95% confidence interval) were calculated according to the equations given by Marchandise and Colinet (10). The conformity of the distribution of results to a normal distribution was assessed by a Kolmogorov-Smirnov-Lilliefors test. Outlying values in the set of results and in the laboratory variances were sought by the Nalimov and Cochran tests, respectively. The Bartlett test was used to assess the overall consistency of the variance values obtained in the participating laboratories.
Finally, a two-way analysis of variance 
Results
Reference Materials
Justification of choice of material. The pilot studies on lyophilized serum showed similar relative biases and a between-method variability not greater than those obtained with frozen serum. Accelerated degradation studies allowed the stability of the lyophilized preparations to be predicted. From these data, we concluded that lyophilized reference materials were suitable for accuracy assessment of routine assay methods for cortisol and progesterone. This material can be readily trans- (n = 10). According to the F-test comparing between-ampule and method variances, no significant ampule effect could be detected at the 95% probability level.
Stability study. Tables 3 and 4 show the results for cortisol and progesterone in ampules stored for different periods at warm temperatures compared with results for specimens stored for the same time at -20 #{176}C. Measurement of the degradation rate at higher temperatures allows extrapolation to determine the degradation rate at normal storage temperatures. From these results, the predicted relative loss in the cortisol concentration in CRM 192 is 0.004% per year at -20 #{176}C, 0.003% in CRM 193. For CRM 347 and 348, no statistically significant difference from the variation among the replicates for samples stored at -20 #{176}C could be detected; so far, no prediction of degradation rate has been possible.
Collaborative Study for Certification
The individual means (and SDs) for the cortisol and progesterone concentrations in For cortisol certification we needed to exclude one set of resultsbefore any statistical evaluation because that laboratory prepared only one calibration solutionforall the analyses instead of fresh solutions every day as required. In the progesterone certification campaign, all the results were judged acceptable. Only one laboratory did not fulfill for CRM 348 the requirement of a maximum within-laboratory imprecision of 2.5%. However, no conclusive evidence could be produced that the higher degree of variability between results was caused by methodological errors. The variability was thus ascribed to an occasional decrease of measurement sensitivity associated with less-reliable mass-spectrometric counting statistics. However, the use of an internal standard should properly account for this phenomenon, and it was concluded that the accuracy of the measurements performed by laboratory f should not be affected. Table 5 summarizes the statistical evaluations of the complete set of data for cortisol and progesterone analyses. The within-laboratory variances obtained for the cortisol certification analysis of CRM 192 were statistically shown to form a homogeneous set such that all participating laboratories accepted for certification had achieved comparable repeatability performances. This was not the case for the high-concentration serum pool CRM 193 or for the progesterone certification campaign, in which the repeatabilitis varied from one laboratory to another. This variability may arise from the greater imprecision associated with the smaller sample volume used for the measurement of the high-cortisol pool or from variable instrument imprecision associated with measurements of progesterone in the low-concentration range. The values reported for the within-laboratory SD in Table 5 must therefore be taken as average repeatabilities. The outlying variance detected for one set of progesterone results was not rejected statistically, because the corresponding standard error of the mean (SD/\/) was smaller than the standard deviation of the distribution of laboratory means. Analysis of variance showed that the between-laboratory variation was the major source of variability in the results obtained for cortisol and progesterone. Consequently, the laboratory mean values (and not the individual results) were used for the calculation of the certified values.
Discussion
Using lyophilized serum instead of frozen liquid serum as reference material for cortisol or progesterone was desirable because lyophilized serum can be easily distributed and stored. After studies to assess bias, variability, and degradation of these analytes in each routine, we concluded that lyophilized serum is suitable for assessing the accuracy of routine assay methods. CRM 192, 193, 347 , and 348 were proved to have reliable composition and quality for their intended uses (22) by establishing several relevant factors, including the following: (a) no evidence was found for any trend in change of mass of either material throughout the filling procedure; (b) moisture content after lyophilization was sufficiently low for stable biological preparations, which experience has shown should not exceed 1%; (c) the homogeneity was acceptable in samples of the reconstituted final material,as determined by measurements of cortisol and progesterone; and (d) the materials appeared to be very stable under the conditions of storage, although further studies will be performed at regular intervals to detect any possible change. From these detailed investigations, the Reference Materials were shown to meet the specifications required for certification studies.
The objective of the certification procedure was to assign values for cortisol and progesterone concentrations in the reconstituted lyophilized reference materials, within a defined uncertainty, by using the currently most accurate and reliable measurement method. These analytical characteristics for steroid hormone quantification are met by ID-GCMS with its high resolving power and detection specificity. The performance of the various ID-GCMS assays adopted by the expert groups was evaluated in a preliminary study. Because of the initial scatter of results among laboratories, complementary intercomparison studies were necessary before proceeding to certification. Some procedural aspects needed to be improved by formulation of specific requirements for accuracy and precision of reconstitution of lyophilized serum and sampling, calibration, and isotope dilution. On the other hand, no significant discrepancy between results could be ascribed to methodological variations in sample pretreatment before ID-GCMS measurement.
To obtain the accuracy necessary for certification, we needed a well-defined primary calibration material. Our solution was to use SRM 921 from the NIST for the certification of cortisol and a commercial product of demonstrated purity for progesterone. We realized that the contribution of undetected impurities would remain as a systematic error affecting the certified values. However, the possible bias appeared negligible in corn- 
